ABSTRACT The within subject variability of forced vital capacity (FVC), forced expiratory volumes in one second (FEV,) and half a second (FEVO.5), peak expiratory flow (PEF), and flow rates at 25-75%, 75-85%, 25%, 50%, and 75% of expired FVC were assessed among 7 year old children from the general population. Within occasion variability in 232 children was lowest for FVC (coefficient of variation (CV) 5%) and FEV, (CV 4%), and greatest for end expiratory flow rates. The precision of measurement for FEV, supports its use for bronchial provocation tests, particularly those using a graded challenge. In this context the value ofPEF (CV 7%) and mid expiratory flow rates (CV 11 %) is limited by their poorer repeatability. Between occasion variability was assessed in 171 children tested at an interval of one to four weeks. The difference between the variances between occasions and within occasions was attributed to biological variation; this accounted for a substantial component of the between occasion variance in all indices, particularly FEV, (73%) and PEF (66%). Together, within subject variability, sex, and height accounted for about half of the measured variance between subjects for all indices except FVC (68%). These results have implications for epidemiological studies.
Introduction
During an investigation of the relation between the home environment and respiratory disease,' measurements of ventilatory function and exercise induced bronchial lability were performed in a population sample of 7 year old children. No information could be found relating to the repeatability of ventilatory function measurements among untrained children of this age, which was particularly relevant to the definition of abnormal exercise induced bronchial lability.
This paper describes an investigation of within subject variability in baseline spirometric values among a subsample ofthe children participating in the main survey. An attempt was made to evaluate the magnitude of two sources of variability. The variation between measurements made on the same occasion was attributed to "measurement error," including unreliable performance by the subject. The difference between the within subject variances between occasions and on the same occasion was attributed to "biological variation" and assumed to be error free.
Methods

SUBJECTS
Details of the random population sample selected for the main survey are given elsewhere.' The children were aged 6 1/2-7 1/2 years in September 1986. Parental consent was requested for clinical examination of the children at school, and ethical approval was obtained from the paediatric/reproductive medicine ethics of medical research subcommittee of the Lothian Health Board and from the research committee ofthe Department of Education, Lothian Regional Council.
MEASUREMENTS
An unheated Fleisch type pneumotachograph ("Compact," Vitalograph Ltd, Buckingham) with a paediatric mouthpiece adapter was used to record each spirogram. The manufacturer reports the accuracy of flow measurement as ± 3% in the range Two further expirations were performed ifthe two best results of the first set of three were not within 5% or 100 ml of each other according to the "best test" criteria of the American Thoracic Society (that is, the spirogram with the greatest sum of FEV, and FVC).2
Four of the larger schools were revisited to obtain duplicate measurements by spirometry on the same children on different occasions. On the second visit to these schools further measurements were taken after a five minute interval to assess within occasion variability of spirometric indices. The test sessions were separated by an interval of one to four weeks during the months of January to March 1987, and were not necessarily at the same time of day. Wheezy children were included, but those having inhaler treatment were tested at least six hours after their last dose. Children with upper respiratory symptoms at the time of either test were excluded from the analysis of between occasion variabiliy.
ANALYSIS
The within subject variability of each spirometric index was investigated by examining the distribution of differences between pairs of readings obtained from the same subject. The mean of this distribution describes the effect of the order of the measurements and the variance of the differences represents twice the within subject variance of a single reading. Within subject variances were estimated from pairs of readings on the same occasion, and from pairs of first readings on different occasions. The coefficient of variation (CV) was derived from the within subject standard deviation divided by the mean value for the corresponding index in the study sample. The within occasion and between occasion variability of FEV, was investigated for children within the lowest, middle, and highest tertiles of the distribution of measured FEV,.
The true within subject, between occasion variance for each measurement was estimated as the difference between the measured within subject variance between occasions and the variance on the same occasion. Reliability coefficients3 were calculated as one minus the ratio ofmeasured within subject, between occasion variance to the variance of the distribution of first measurements among the children participating in this repeatability study.
For assessment of proportional, rather than absolute, change in airflow, the variability of the measurement is more conveniently expressed on a logarithmic scale. The within occasion variability was therefore also expressed as the standard deviation of the log (base 10) of a single reading. The coefficient of variation on an arithmetic scale is approximately equal to the antilogarithm of this value minus one.
Challenge tests generally require repeated measurements of the same spirometric index at intervals after a fixed challenge, or after increasing doses of a pharmacological agent. Random errors of measurement may give rise to a spurious "false positive" result, even if there has been no true change in ventilatory function. The probability that such a false positive result would occur by chance was calculated from estimates of within occasion variance (expressed on a logarithmic scale) for different criteria of "abnormality" and for one or more comparisons between prechallenge and postchallenge recordings.
Results
WITHIN OCCASION VARIABILITY
Duplicate readings at the same test session were available for 232 children. These included 27 (11 6%) who had a history of wheeze in the past year, of whom eight had wheezed in the past month and four regularly had inhalation treatment for asthma. There was no substantial order effect for any of the indices: the average differences between the first and second measurements were all less than 2% of the mean value for the corresponding index; for FEV, the average difference was 0-6%.
The within occasion variability of each index is expressed in table 1 on an arithmetic scale, with the coefficient of variation, and as the standard deviation of the logarithm of each reading. In terms of the coefficient of variation, FEV, was the least variable measurement (SD 60 ml, CV 4.3%), closely followed by FVC (SD 81 ml, CV 5'0%). Although flow rates during early expiration (PEF and FEF25) were more variable in absolute terms, the coefficient of variation was greater for measurements from the terminal part of the spirogram (FEF75 and FEF7,.S). analysed for 171 children. These included 20 (11-7%) with a history of wheeze in the past year, of whom six had wheezed in the past month and three regularly had inhaled treatment for asthma. The mean and standard deviation of the first measurements on the 232 children included in the repeatability study and the coefficient of reliability for each index are shown in table 4 . The most reliable measures were FVC and FEV,, for which within subject variability accounted for less than one quarter of the observed variance between subjects. Indices of flow during early expiration (PEF and FEV25) were more reliable than FEF7, and FEF7J85. In view ofthe much younger children studied here, it is surprising how close the within subject variability of FEV, and FVC, both within occasions and between occasions, is to previously published figures. Strictly, the conclusions relate to the method used, and this may be particularly relevant to measurements of PEF, which differ consistently between the Wright peak flow meter and pneumotachograph recordings.4 Nevertheless, when considered in absolute terms, it appears that the between occasion standard deviation for FEVY and FVC may be substantially independent of age, and of 478 the order of 100-150 ml for each index. This would be consistent with the observations that in older children the standard deviation ofFEV, was independent ofthe actual volume expired in one second,7 and implies a smaller coefficient of variation with increasing lung volume. Among the 7 year olds in the present study there was a weak inverse relation between within subject, between occasion standard deviation and mean level of FEVY. This may reflect the fact that the smaller, younger children were close to the age threshold at which reproducible spirometry is feasible. Alternatively, children with reactive airways may have had spontaneous bronchospasm at one attendance, which both lowered their mean achieved FEVY and increased the variation between the two recordings. For epidemiological studies that concentrate on baseline spirometry between occasion variability is of greatest relevance. Within occasion variability was used as an indicator of "measurement error," though calibration error is a potential source of between occasion variability, which may have persisted despite attempts to monitor calibration throughout the study. The automatic correction to BTPS took into account changes in ambient temperature, but not changes in barometric pressure. Nevertheless, for most indices, and particularly for FEV,, true between occasion variation appears to be of considerable importance. This presumably reflects the degree of biological variability in airflow among children in this age group.
Statements about the proportion of variance of spirometric indices that is explained or unexplained by putative causes may be misleading if they do not take both measurement error and biological variation into account. Table 4 emphasises that within subject (between occasion) variability, height, and sex account for about half of the between subject variation in most spirometric indices at 7 years of age. The corollary of this is that the amount of "unexplained" variation is substantially smaller than estimated from typical epidemiological data, but the proportionate contribution offactors that do explain some ofthe true between subject variation is correspondingly greater.
The estimates of within occasion variability were of particular interest in the main study, where one of the principal outcomes was a short term change in ventilatory function after exercise.' In the evaluation of any diagnostic or screening test high repeatability is a necessary but not sufficient condition for high validity. Forced vital capacity may be one of the more repeatable lung function indices, but it lacks validity as a measure of airway calibre. Both PEF and FEV, have been widely used to measure bronchoconstriction in physiological and pharmacological challenge tests. It has been suggested that in children given a graded histamine challenge the proportionate changes in each index are about equal, and that PEF may be used Strachan interchangeably with FEV,.9 Table 2 shows that, for any given criterion of abnormality, a test based on change in FEV, will be considerably more specific than the equivalent test based on PEF. The calculations in table 2 assume no true change in ventilatory function. In practice, the specificity of tests for bronchial reactivity will also depend on the effect ofthe challenge on the chosen index of function in normal airways.
The choice of a 20% reduction in FEV, as the conventional criterion of abnormality in bronchial challenge procedures'" appears to be justified, even in this young age group. On purely statistical grounds, there must be considerable reservations about the predictive value of lesser degrees of bronchoconstriction, particularly when these are based on PEF." 12 Although mid expiratory flow rates may be more sensitive indicators of exercise induced bronchoconstriction,'3 their diagnostic value is limited by their greater within subject variability. The greater precision of measurement for FEV, may be essential if ventilatory function is to be measured repeatedly, after graded doses of a pharmacological challenge or to assess individual response to bronchodilator treatment.
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